We previously identified several rad51 gain-offunction alleles that partially suppress the requirement for RAD55 and RAD57 in DNA repair. To gain further insight into the mechanism of action of these alleles, we compared the activities of Rad51-V328A, Rad51-P339S and Rad51-I345T with wild-type Rad51, for DNA binding, filament stability, strand exchange and interaction with the antirecombinase helicase, Srs2. These alleles were chosen because they show the highest activity in suppression of ionizing radiation sensitivity of the rad57 mutant, and Val 328 and Ile 345 are conserved in the human Rad51 protein. All three mutant proteins exhibited higher affinity for single-stranded DNA (ssDNA) and showed more robust strand exchange activity with oligonucleotide substrates than wildtype Rad51, with the Rad51-I345T and Rad51-V328A proteins displaying higher activity than Rad51-P339S. However, the Srs2 antirecombinase was able to disrupt Rad51-ssDNA complexes formed with all the mutant proteins. In vivo, the rad51-I345T mutant strain exhibited high resistance to methyl methane sulfonate that was dependent on functional SRS2. These results suggest the Srs2 translocase is able to disrupt Rad51-ssDNA complexes at stalled replication forks, but in the absence of Srs2 the enhanced DNA binding of the Rad51-I345T protein is detrimental to cell survival.
INTRODUCTION
Homologous recombination is an important DNA repair mechanism in mitotic cells and is essential for the accurate segregation of chromosome homologs during meiosis. A central step in homology-dependent repair is the pairing of homologous DNA molecules and exchange of strands to form heteroduplex DNA, a reaction catalyzed by the RecA/Rad51 family of proteins (1) . These proteins form right-handed helical filaments on single-stranded DNA (ssDNA) that is formed by nucleolytic processing of double-strand breaks (DSBs) or at stalled replication forks. The nucleoprotein filament is the active form of the recombinase and is required for the homology search and synapsis with intact double-stranded DNA (dsDNA) leading to strand exchange (1, 2) .
Human and budding yeast encode two RecA homologs, Rad51 and Dmc1, as well as Rad51-related proteins referred to as the Rad51 paralogs (2) . Yeast Rad51 is required for homology-dependent repair in vegetatively growing cells and also for full levels of meiotic recombination and spore formation (3) . Dmc1 is only expressed in meiotic cells and is required together with Rad51 for recombination between chromosome homologs (4, 5) . Saccharomyces cerevisiae encodes two Rad51 paralogs, Rad55 and Rad57, that function nonredundantly in spontaneous and DSB-induced recombination (2, (6) (7) (8) . These proteins are thought to function as accessory factors for Rad51 because over-expression of Rad51 can partially suppress the ionizing radiation (IR) sensitivity of rad55 and rad57 mutants (9, 10) . Furthermore, meiosis-specific or IR-induced recruitment of Rad51 to DSBs is greatly reduced in rad55 and rad57 mutants (11, 12) . In vitro, the formation of Rad51 filaments on ssDNA is stimulated by replication protein A (RPA), which is thought to allow formation of continuous filaments by removal of secondary structures from ssDNA (13, 14) . However, addition of RPA prior to Rad51 inhibits filament formation (14) (15) (16) . The addition of purified Rad55-Rad57 heterodimer to the Rad51-catalyzed strand exchange reaction overcomes the inhibitory effect of RPA, suggesting Rad55-Rad57 promote nucleation of Rad51 onto RPA-coated ssDNA or stabilize Rad51 nucleoprotein filaments (15) .
In efforts to understand the function of the yeast Rad51 paralogs, we previously identified gain-of-function alleles of RAD51 that partially suppress the IR sensitivity of rad57 mutants (17) . The six alleles identified were each shown to have a single amino acid substitution within a 30-amino acid region of Rad51 responsible for the suppression phenotype. Two of the rad51 mutants recovered had substitutions of residue Val 328 with either isoleucine or alanine; two different substitutions were identified at Ile 345 (serine or threonine); the other two residues mutated were Pro 339 (to serine) and Gly 359 (to serine). Most of these residues are in the disordered loop 2 (L2) of Rad51, which is thought to correspond to one of the two DNA-binding regions based on cross-linking studies and the recent crystal structure of RecA with ssDNA (18, 19) . The residue equivalent to Ile 345 is not visible in the Pyrococcus furiosus RadA crystal structure, but Thr 345 of the Rad51-I345T protein is the first visible residue after L2 in the Rad51 crystal structure (20, 21) . Biochemical characterization of the Rad51-I345T mutant protein revealed increased affinity for DNA compared with wild-type Rad51 suggesting the normal function of Rad55-Rad57 is to facilitate nucleation or more stable binding of Rad51 to DNA (17) . Val 328 and Ile 345 are both conserved in human Rad51 and mutation of Ile 287 (equivalent to Ile 345 of yeast Rad51) of the human protein to Ser or Thr also confers higher affinity for ssDNA compared with the wild-type protein (22, 23) . To gain further insight into the mechanism of action of these alleles we have compared the activities of Rad51-V328A, Rad51-P339S and Rad51-I345T with wild-type Rad51, for DNA binding, filament stability, strand exchange and interaction with the antirecombinase helicase, Srs2 (24, 25) . All three mutant proteins exhibit higher affinity for ssDNA with the Rad51-I345T and Rad51-V328A alleles displaying higher activity than Rad51-P339S. In line with the increased DNA-binding activity, the Rad51-I345T and Rad51-V328A alleles also showed higher strand exchange activity with oligonucleotide substrates. However, none of the proteins was able to withstand the destabilizing effect of Srs2.
MATERIALS AND METHODS

Plasmids and yeast strains
Low copy number (pRS413) plasmids expressing the rad51 gain of function alleles, and the plasmids used to express Rad51 (pEZ3951) and Rad51-I345T in Escherichia coli were described previously (17, 26) . Plasmids to express the Rad51-V328A or Rad51-P339S proteins were created by ligating the 0.95-kb Bsu36I-BstEII fragments from pRS413:rad51-V328A or pRS413:rad51-P339S with Bsu36I-BstEII digested pEZ5139. The presence of the mutant alleles was confirmed by DNA sequencing. The plasmid for overexpressing his-tagged Srs2 protein was a kind gift of P. Sung (Yale University).
The yeast strains used in this study are derivatives of W303 (leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15). LSY697 (MATa met17-sna ADE2), LSY991 (MAT rad51-I345T rad5-535) and LSY1405-1A (MATa rad51::LEU2 srs2::TRP1) were described previously (11, 17) . Strains LSY1791-1B (MAT rad51-I345T ADE2), LSY1827-1D (MAT rad51-I345T srs2::HIS3 ADE2) and LSY1867 (MATa srs2::HIS3 ADE2) were made by standard genetic crosses using stock strains.
Protein expression and purification
Saccharomyces cerevisiae Rad51 and mutant proteins (Rad51-I345T, Rad51-P339S and Rad51-V328A) were overexpressed in E. coli strain BL21 (DE3) pLysS (Novagen Inc., Madison, WI, USA) and purified from 10-l cultures as described (26) .
For expression and purification of Srs2, E. coli BL21 (DE3) pLysS cells were transformed with Pet11c-His 9 -Srs2. The cells (10 l) were initially grown at 378C and then induced with 0.1 mM IPTG for 18 h at 168C. After harvesting, the cells were resuspended in 300 ml of breakage buffer [50 mM Tris-Cl, pH 7.4, 600 mM KCl, 10% sucrose, 10 mM EDTA, 1 mM DTT, 0.01% Igepal (SigmaAldrich, St Louis, MO, USA)], containing protease inhibitors. The extract was prepared by lysozyme treatment and sonication (Branson Sonifier 250). The extract was clarified by ultracentrifugation (40 000 r.p.m., 2 h) and treated with ammonium sulfate (0.21 g/ml) to precipitate Srs2 and about 15% of the total protein. Following centrifugation, the precipitated protein was dissolved in 200 ml buffer T (25 mM Tris-Cl, pH 7.4, 10% glycerol, 0.5 mM EDTA, 1mM DTT, 0.01% Igepal) with protease inhibitors. This protein solution was passed through a 60 ml Q Sepharose (GE Healthcare, Piscataway, NJ, USA) column and then loaded onto a 50 ml SP Sepharose (GE Healthcare) column. The SP column was developed with a 500 ml gradient of 200-600 mM KCl in the same buffer without EDTA and DTT (Ni-NTA buffer). Fractions containing Srs2 were pooled and incubated with 3 ml of Ni-NTA agarose (Qiagen, Germantown, MD, USA) for 30 min at 48C with gentle mixing. The beads were washed with 100 ml of buffer containing 300 mM KCl and 20 mM imidazole. Srs2 was eluted with 300 mM imidazole in Ni-NTA buffer. The Srs2 containing fractions were pooled and dialyzed against T buffer with 200 mM KCl for 2 h. The protein solution was loaded on a high performance SP Sepharose column and eluted with a gradient of 200-600 mM KCl in T buffer. The final Srs2 pool was dialyzed against storage buffer [25 mM Tris-Cl (pH 7.4), 200 mM KCl, 2 mM DTT and 40% glycerol]. Twenty micro liter aliquots of protein were stored at À808C. DNA substrates Viral (single stranded) and double-stranded replicative forms of fX174, and viral form of M13mp18 were purchased from New England Biolabs, Ipswich, MA, USA. The biotinylated double-stranded trap DNA was PCR amplified using the following primers and ds RF of fX174 as a template:
An 80-mer oligonucleotide (STEX-3) was 5 0 -end labeled using 32 P gATP and T4 polynucleotide kinase was used as a substrate for gel mobility shift assays:
The 5 0 labeled STEX-3 was annealed with fX174 viral DNA to use as substrate to confirm the Srs2 helicase activity.
DNA binding assay
An electrophoretic mobility shift assay (EMSA) was used to analyze the DNA-binding activity of the Rad51 proteins (27) . DNA-Rad51 filaments were formed with the indicated amounts of Rad51 protein and 1.5 mM nt 5 0 -[ 32 P]-end labeled linear ssDNA (80-nt long) in buffer containing 25 mM HEPES, pH 7.5, 5 mM MgCl 2 , 1 mM DTT, 2.5 mM ATP, 50 mM KCl by incubation at 378C for 10 min. Glutaraldehyde was then added to a final concentration of 0.125%, incubation continued for 5 min to crosslink protein-DNA complexes, and Tris-HCl (pH 8.0) added to a final concentration of 120 mM to quench the cross-linking reaction. The samples were loaded onto agarose gels (0.9%, 0.5Â Tris-borate EDTA), and run for 90 min at 80 V (4 V/cm). The DNA in agarose gels was visualized using a PhosphorImager (Amersham Biosciences Typhoon Trio) after drying the gels. The quantification was performed with ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Salt titration of protein-DNA complexes
Salt titrations of the protein-DNA complexes were performed by incubating Rad51, Rad51-I345T, Rad51-P339S or Rad51-V328A (1 mM) with DNA (1.5 mM of 80-nt ssDNA) for 5 min at 378C. KCl was then added to the indicated final concentrations, and the protein-DNA complexes were incubated for another 5 min at 378C. The reactions were then fixed with glutaraldehyde (0.125%). Nucleoprotein gel electrophoresis was conducted in 1.0% agarose in TBE buffer for 2 h at 4 V/cm. The dried gels were analyzed by PhosphoImager and quantified using ImageJ software.
DNA strand exchange
Rad51 nucleoprotein filaments were formed by incubation Rad51 protein (1.5 mM) with ssDNA (9 mM nucleotide) in the standard buffer (35 mM Tris-HCl pH 7.4, 2.0 mM ATP, 2.5 mM MgCl 2 , 50 mM KCl, 1 mM DTT, containing an ATP-regenerating system consisting of 20 mM creatine phosphate and 20 mg ml À1 creatine kinase) at 378C for 5 min (24) . DNA strand exchange was initiated by addition of 3 mM homologous dsDNA to the nucleoprotein filaments. Spermidine hydrochloride was also added to the reaction at a final concentration of 5 mM. Four micro liter aliquots were withdrawn from the 20 ml reaction mixture, deproteinized by the addition of EDTA to 40 mM, SDS to 1.5% and proteinase K to 4.5 mg/ml followed by incubation for 30 min at 378C, and resolved onto a 15% polyacrylamide gel. The products of DNA strand exchange were visualized using a PhosphorImager.
Transfer of Rad51 to bead-bound biotinylated dsDNA
M13mp18 circular (+) strand (6.0 mM nucleotides) was incubated for 5 min with Rad51 (1 mM) at 378C, followed by the addition of Srs2 (5, 10, 20, 40 and 80 nM in a final volume of 20 ml of buffer (40 mM Tris-HCl pH 7.4, 2.5 mM ATP, 3.0 mM MgCl 2 , 60 mM KCl, 1 mM DTT, with an ATP-regenerating system consisting of 20 mM creatine phosphate and 20 mg ml À1 creatine kinase) containing 0.01% igepal. After 5 min at 378C, 4 ml of streptavidin beads (Proactive microspheres, Bangs Laboratories, Inc., Fishers, IN, USA) containing 400 ng/ml dsDNA were added to the reaction mixture, followed by mixing for 10 min at 378C. The beads were captured with low speed centrifugation (4K, 5 min), washed twice with the same buffer and the bound Rad51 was eluted with 20 ml of 2% SDS. The supernatant, which contained unbound Rad51, and the SDS eluate (10 ml of each) was analyzed by SDS-PAGE. For comparing wild-type Rad51 and Rad51-V328A proteins, the percent of dsDNA bound protein was plotted against the Srs2 concentrations.
Methyl methane sulfonate survival assay
Methyl methane sulfonate (MMS) sensitivity of the strains was evaluated by growing strains of the indicated genotype to saturation in rich medium [1% yeast extract; 2% bacto-peptone; 2% dextrose (YPD)], or synthetic complete medium lacking histidine, and then plating aliquots of serially diluted cultures onto solid medium with or without 0.01% MMS. The plates were incubated for 2-3 days at 308C and then scanned.
RESULTS
The Rad51 gain-of-function mutants exhibit increased affinity for ssDNA
We have previously shown that the Rad51-I345T protein has higher affinity for DNA than wild-type Rad51 (17) . To test the activity of other gain-of-function alleles, the Rad51-V328A and Rad51-P339S proteins were purified, and their activities compared with Rad51-I345T and wild-type Rad51 ( Figure 1A ). These alleles were chosen because they map within the putative DNA binding site of Rad51, showed the strongest suppression of the IR sensitivity conferred by rad57, and Val328 is conserved in human Rad51. DNA binding was assessed by electrophoretic mobility of glutaraldehyde-fixed Rad51-DNA complexes using an 80-mer ssDNA substrate. Consistent with previous studies, the wild-type Rad51 protein approached maximal binding at a ratio of three nucleotides per Rad51 protomer (Figure 2A) . At lower concentrations of Rad51 the mobility of most of the substrate was unchanged. All of the mutant proteins caused maximal retardation of DNA at lower concentrations than observed for the wild-type protein. Similar results were obtained using fX174 viral DNA as substrate (data not shown). Thus, all of the rad51 gain-of-function alleles tested show higher affinity DNA binding than wild-type Rad51.
To determine the stability of Rad51-ssDNA filaments, a salt titration was performed. Rad51 was incubated with DNA at low salt for 5 min to allow filament formation and the preformed filaments were then challenged with increasing concentrations of KCl, prior to fixation. The salt titration mid point (STMP) was the same for Rad51-ssDNA and Rad51-P339S-ssDNA complexes at 343 mM KCl, whereas the Rad51-V328A and Rad51-I345T mutant protein complexes showed higher stability with STMP values of 407 mM and 542 mM KCl, respectively ( Figure 2B ). The apparent increased stability could be due to increased on rate or decreased off rate of the mutant proteins at higher salt concentrations. These data support the notion that all of the gain-offunction alleles identified function analogously by increasing the affinity of Rad51 for DNA.
DNA strand exchange
Formation of the Rad51 nucleoprotein filament is essential for homologous pairing and strand exchange. Strand exchange is traditionally measured by exchange of the ssDNA complexed with Rad51 with one strand of a homologous linear duplex DNA. Using long DNA substrates (fX174), we observed efficient joint molecule formation by the mutant proteins, but reduced yield of nicked circles indicative of complete strand exchange (data not shown). Mitotic DSB-induced gene conversion tract lengths, which are thought to be a measure of Rad51 strand transfer, are usually <1-kb in vivo (28, 29) . Consequently, we assayed the activity of the mutant proteins using oligonucleotide substrates in which strand exchange proceeds over only 31 bp (Figure 3 ). The transfer of the 5 0 -end labeled oligonucleotide from a 31-bp duplex DNA to a homologous 63-nt single-stranded oligonucleotide was monitored by gel electrophoresis (30) . The wild-type protein yielded 29% joint molecules at 20 min and the product level did not increase significantly with longer incubation times. The Rad51-I345T and Rad51-V328A proteins supported a more robust reaction yielding 44% and 50% joint molecules, respectively, whereas the strand exchange activity of Rad51-P339S was less than the other hyperactive mutants (37% joint molecules).
Srs2 destabilizes Rad51-ssDNA filaments
The Srs2 ATP-dependent translocase/helicase disrupts Rad51-ssDNA filaments in vitro, consistent with the in vivo function of preventing inappropriate recombination (24, 25, 31) . To determine whether the more stable DNA complexes formed by the Rad51 gain-of-function proteins are more difficult for Srs2 to disrupt, we used the assay illustrated in Figure 4A (24) . Rad51 was bound to M13 viral form DNA and then challenged with Srs2 in the presence of a biotinylated dsDNA bound to sreptavidin beads to trap displaced Rad51. After a brief incubation, the beads were separated from the reactions by low-speed centrifugation and the amount of Rad51 present on the beads or in the supernatant determined by SDS-PAGE and Coomassie blue staining. As shown previously, Srs2 was able to displace 45% of Rad51 from the ssDNA to be captured by the biotinbound dsDNA (Figure 4) . Srs2 displaced all of the mutant proteins to the same extent as wild-type Rad51 (for brevity only Rad51-V328A is shown). The observation that Srs2 is able to efficiently disrupt Rad51-I345T nucleoprotein filaments may explain the lack of a phenotype for yeast strains with the rad51-I345T allele (C.W.Fung and L.S.Symington, unpublished data). To determine whether the increased DNA binding of the Rad51-I345T protein has negative consequences in the absence of Srs2, we tested the sensitivity of a rad51-I345T srs2 double mutant to MMS. MMS causes replication fork stalling at damaged bases and the resulting single-strand gaps are thought to be substrates for Rad51 to promote lesion bypass by recombination, for fork reversal or for translesion DNA synthesis. The srs2 single mutant is sensitive to 0.01% MMS as judged by the decrease in colony size, whereas the rad51-I345T strain exhibited no sensitivity to MMS ( Figure 5A ). However, the rad51-I345T srs2 double mutant exhibited a 4-fold reduction in plating efficiency and greatly reduced colony size in the presence of MMS. To determine whether the enhancement of the MMS sensitivity of the srs2 mutant by rad51-I345T is common to all the rad51 gain of function alleles, low copy number plasmids expressing each of the alleles were used to transform a rad51 srs2 double mutant. We chose to use a rad51 derivative so that the only allele of RAD51 expressed in the strain would be the gain of function allele. The plating efficiency of the rad51 srs2 strain expressing wild-type RAD51 was reduced 10-fold on medium containing 0.01% MMS, compared with no MMS, however, the plating efficiency of the strain expressing rad51-I345T was reduced by an additional 100-fold ( Figure 5B ). This striking sensitivity to MMS was also observed for the rad51-V328A and rad51-P339S mutants. The rad51-I345S and rad51-G359S mutants showed a 10-fold reduction in plating efficiency relative to wild-type, whereas the rad51-V328I allele appeared to confer even greater sensitivity to MMS than the rad51-I345T allele.
DISCUSSION
The purpose of this study was to determine whether other rad51 alleles identified in a genetic screen as suppressors of the IR sensitivity of the rad57 mutant encode Rad51 variants with higher affinity for ssDNA, as shown previously for the Rad51-I345T protein (17) . Of the six alleles identified as rad57 suppressors, two have substitutions of residue Val 328, two have substitutions at Ile 345 and the other two residues mutated are Pro 339 and Gly 359. Residues Val 328, Pro 339 and Ile 345 are in the L2 region of Rad51. Although there is currently no structure of Rad51 bound to DNA, the recent structure of the RecA-ssDNA complex confirms that residues within the L2 region directly interact with DNA (18) . Met 197, Gly 211 and Gly 212 of RecA form hydrogen bonds with the phosphate groups of the nucleotide triplet and the three Although the gain-of-function Rad51 proteins bind ssDNA with higher affinity than wild-type Rad51, the resulting complexes are efficiently disrupted by the Srs2 helicase. This antirecombination activity of Srs2 may explain why the rad51 gain-of-function alleles confer no apparent phenotype in a RAD57 background (C.W.Fung and L.S.Symington, unpublished data). However, in the absence of Srs2, the rad51 gain-of-function alleles confer higher sensitivity to MMS than observed for the srs2 single mutation. The srs2 rad51-I345T double mutant does not exhibit higher sensitivity to IR than the srs2 single mutant suggesting the synergistic effect is specific for DNA damaging agents that stall DNA synthesis (C.W.Fung and L.S.Symington, unpublished data). MMS causes replication fork stalling and Srs2 is thought to remove Rad51 from ssDNA at stalled replication forks to allow repair to proceed by the error free templateswitching branch of postreplication repair or by translesion DNA synthesis instead of recombination (33) . Consequently, srs2 suppresses the MMS sensitivity of rad6 and rad18 mutants by channeling lesions to the recombination pathway and srs2 mutants show elevated rates of spontaneous recombination (31, 34, 35) . In the absence of Srs2, we propose that the Rad51 gain-offunction proteins more effectively compete with other repair proteins that function in lesion bypass, or that other translocases are less efficient at disruption of Rad51-ssDNA complexes formed by the gain-of-function Rad51 proteins. The human Bloom's syndrome helicase (BLM) has been shown to disrupt Rad51-ssDNA complexes in vitro (36) . Although a similar activity has yet to be reported for Sgs1, the S. cerevisiae ortholog of BLM, sgs1 mutants exhibit a hyper recombination phenotype and this could possibly be due to a role in disruption of Rad51-ssDNA complexes in addition to the wellcharacterized function in dissolution of recombination intermediates (37, 38) . The increased binding of Rad51 to ssDNA at stalled replication forks may cause inappropriate recombination, or block access to the postreplication repair pathways resulting in higher sensitivity to DNAdamaging agents that increase replication fork stalling.
